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Similar measurements were also made from the basal segments to the superior segment of the lower lobe in three normal and five emphysematous lungs. The lobe or segments were inflated through a bronchial cannula; air leaked through collateral channels and out of the other lobe or segment through a pneumotachograph which measured flow. Catheters inserted directly into the lung through the pleural surface on either side of the collateral channels measured the alveolar pressure difference producing collateral flow. Reo. is the ratio of this pressure difference to flow. By also measuring the inflating pressure and the airway pressure at the pneumotachograph, we calculated the lobar or segmental airway resistance, Raw,. In the normal lungs Rco. varied inversely with lung volume and was higher on inflation than on deflation. Raw was very small compared to R,0.
which ranged from 260 to 3300 cm H20/liter per sec when the distending pressure was 20 cm H20. In the emphysematous lungs on the other hand, Rco. was markedly decreased and ranged from 5 to 20 cm H20/ liters per sec at the same distending pressure and was less than Raw. We conclude that collateral channels are important ventilatory pathways in emphysema. When many units within a lung are ventilated by these pathways there may be disturbances of gas exchange and phase differences between normally and abnormally ventilated areas.
INTRODUCTION
In a recent study we found that airways less than 2 mm in diameter were responsible for the bulk of the in-creased airways resistance seen in emphysema (1) . The fact that many of these small airways were occluded without evidence of atelectasis led to a consideration of the collateral pathways of ventilation in these lungs. Anatomic information concerning collateral pathways has been accumulating for over a century (2) , but their physiologic significance was first studied much more recently (3, 4) . To the best of our knowledge there has been no previous measurements of the resistance offered by collateral pathways either in normal or diseased human lungs.
Our experiments consisted of flowing air through three resistors in series (i.e., the lower lobe airways, the collateral channels in incomplete interlobar fissures, and the upper lobe airways). As the resistors are in series the flow through each of them at any point in time is equal, and thus resistance can be calculated if the pressure drop across them is known.
METHODS
The technique for measuring the resistance to collateral flow in shown in Fig. 1 . The trachea was cannulated and the lung was suspended in a volume displacement plethysmograph. A Foley catheter was inserted through the side arm of the cannula and after its tip was placed in a desired position the balloon was inflated and tied in place to produce an airtight sea. To study the collateral channels in incomplete interlobar fissures the catheter was placed in the lower lobe bronchus so that air flowed from the lower lobe through the incomplete interlobar fissure and out of the upper lobe. To study the collateral channels within the lower lobe the catheter tip was placed in the lower lobe bronchus beyond the branch to the superior segment so that air flowed from the basal segments through collateral channels and out of the superior segment. In all of the experiments this flow was measured by a Sanborn 270 transducer attached to a pneumotachograph connected to the trachea.
We refer to the inflow bronchus as the airway through which air entered the system, i.e., the lower lobe bronchus
FIGURE 1 Diagrammatic illustration of method used to measure resistance to collateral flow. Air flowed through the lower lobe airways, across collateral channels in incomplete interlobar fissures, or between the basal and apical segment of the lower lobe, and through the airways leading from the upper lobe to atmosphere (indicated by arrow). The resistance offered by each of these structures was computed under steady-flow conditions. RLL= lower lobe airway resistance; RCOL = the resistance of the collateral channels; and RUL = the resistance of the upper lobe or apical segment airways; PAO(LL) =pressure measured at the opening of the lower lobe cannula; PALV(LL) =alveolar pressure in the lower lobe; PALV(UL) =alveolar pressure in the upper lobe; PAO(UL) =pressure at the airway opening of the upper lobe; V = the flow. or basal segments, and the outflow alveoli are the alveoli of the upper lobe or apical segment.
In the early experiments we only measured the pressure difference across the whole system, i.e., the pressure difference between the inflow and outflow bronchi. This was accomplished by passing a PE 190 polyethylene catheter through the Foley catheter and into the inflow bronchus and measuring the pressure in this catheter relative to the pressure at the upstream end of the pneumotachograph with a Sanborn 267B transducer. In subsequent studies the pressure differences across the three resistances were partitioned. This required the measurement of alveolar pressure on either side of the collateral channels, i.e., in both the inflow and outflow alveoli. This was accomplished by inserting polyethylene catheters, 1.2 mm internal diameter, with a bell-shaped end 3 mm in diameter, through the pleural surface in either side of the interlobar fissure or in a basal and apical segment of the lower lobe. Leaks were prevented around the catheter by typing them to the pleura with 3-0 silk thread and covering the junction of the catheter and pleura with Eastman 910 tissue adhesive. The pressure drop along the lower lobe or basal segments airways was measured by a Sanborn 267B transducer attached to the catheter at the cannula tip and the subpleural catheter in that lobe or segment. The pressure drop across the collateral channels was measured on another Sanborn 267B transducer attached to both subpleural catheters, and the pressure drop along the upper lobe or superior segment airways was measured by comparing the appropriate subpleural pressure to the tracheal pressure on another Sanborn 267B transducer. Pressure, volume, and flow signals were recorded on a Sanborn 4 channel recorder and a Tektronix storage oscilloscope (Tektronix, Inc., Beaverton, Ore.).
The protocol of the experiments was as follows. The cannulated lower lobe or basal segments of the lower lobe was inflated to a distending pressure of 30 cm of H20 and defiated to 0 cm of H20 several times to ensure a constant volume history. After the third or fourth inflation the manoeuver was repeated quasi-statically requiring at least 1 min to complete. The volume change occurring in the lower lobe or basal segments was plotted simultaneously against both the distending pressure of these structures and against the flow which occurred through the collateral channels on the storage oscilloscope. These records were then copied on graph paper by an oscillotracer. After this, similar inflation and deflations were performed, and the flow was plotted against the pressure drop across the collateral channels and the pressure drop occurring along the outflow airways, and these records were traced. Finally, after a full inflation of the lower lobe or basal segments the distending pressure was held at 20 cm of H20. Flow under these conditions remained constant, and the pressure drop occurring along the inflow airways, across the collateral channels and along the outflow airways, was measured. At the beginning and end of each run the whole lung was inflated and held at a constant volume. The alveolar pressure as measured by the subpleural catheters was compared to the true alveolar pressure (the static distending pressure). If they were not equal the run was discarded.
The resistance of the lower lobe airways, the collateral channels, and the upper lobe airways could then be calculated as follows: The morphologic studies were carried out after the lungs had been fixed by intrabronchial liquid formalin at a constant pressure of 25 cm of formalin. Emphysema was assessed by measuring the percentage of parenchyma involved, the internal surface area, the mean linear intercept (average interalveolar distance), and by a subjective index of emphysema which scores severity on a scale of 0-30 units. The techniques used to make these measurements are fully described elsewhere (5) . To assess the severity of emphysema in the incomplete interlobar fissure and at the junction between the basal and superior segment of the lower lobe, paper-mounted sections of each lung were randomized and given to one observer (W. T.), who graded the emphysema in these areas as absent, mild, moderate, or severe. Assumptions and possible sources of error. We are confident that the subpleural catheters were accurately measuring pressure in the air spaces in which they were situated. Under static conditions with the whole lung inflated, the subpleural catheters recorded pressures identical with the static distending pressure of the lobe. In these circumstances the catheters were certainly measuring alveolar pressure. That this was also the case when collateral flow was allowed to occur is shown by the following considerations. Under these conditions air from the parenchyma of the lung was freely removable through the catheter. The catheter was therefore in direct communication with the air in the parenchyma, and the pressure at its tip must have been equal to the pressure of the air within the parenchyma at that point.
Because the catheter was inserted into alveolar structures rather than airways this pressure must represent the alveolar pressure at the point of measurement.
Was this pressure identical with the pressure that would have been at this point if the catheter had not been placed there? In other words, what distortion did the catheter cause? Clearly there must have been considerable disruption of alveolar walls to accomodate the catheter. Under static conditions with no air flowing this is of no importance. In other words, as long as one group of air spaces (whether or not alveolar walls are intact) communicate with the rest of the lung, the pressures must everywhere be equal. We know that this was the case because the pressures were identical with the static distending pressures and because air was freely removable from the catheters.
Under dynamic conditions with the pressures in the alveoli changing continually the disruption of the alveolar walls and the presence of the catheter would be very likely to distort the pressure at the catheter tip. However, these were not the conditions of our experiments. Each experiment was performed either statically or quasi-statically in the sense that volumes and flow were constant or nearly so. When flow is constant the pressure in each alveolus will also be constant. If each alveolus communicates freely with its immediate neighbors then the pressure differences between adjacent alveoli must be determined solely by any flow between one alveolus and its neighbor and the frictional resistance of the pathways between the alveoli. Within a secondary lobule it is reasonable to conclude that this would result in a very small pressure difference. Thus the pressures within the alveoli of a secondary lobule when there is constant collateral flow are also constant and are, to a close approximation, equal to one another. If so, the destruction of the alveolar walls and the insertion of the catheter should not influence the pressure in the lobule because there were no significant differences in pressure across the walls to begin with. Furthermore, distortions resulting from the change of the mechanical properties of the lobule which might result in phase shifts between the pressure changes in the lobule and the rest of the lung could not have occurred because the pressures were not changing. It is for these reasons that we state that the catheter was accurately measuring pressure in the air spaces in which it was situated. The pressure may not, however, be equal to the pressure producing collateral flow. If the parenchymal catheters had been situated far from the collateral channels, they would overestimate the pressure difference across the channels as illustrated in Fig. 2 .
If the catheter were in alveolus (a) through which no air was flowing, the pressure would be equal to that at the nearest branch upstream through which air was flowing. This would be greater than the pressure in alveolus (b) by an amount equal to the pressure required to overcome the frictional resistance of airway X. Similarly, if pressure was measured in alveolus (c) it would be equal to the pressure at the bifurcation between airways Y and Z and would be less than the pressure in alveolus (d) by an amount equal to the pressure required to overcome the frictional resistance of Y. Even with the catheters close to the collateral channels we may still have overestimated the pressure difference. However, in normal lungs this error is presumably small because the resistance of small airways is low (1). In lungs with emphysema this error might conceivably have been large because of the marked airway obstruction that is characteristic of this disease. This seems unlikely to be significant, however, because as will be seen, the resistance to collateral flow was very low in these lungs, whereas this error can only lead to an overestimate of collateral flow resistance.
RESULTS
Air flow across the major fissure was studied in 16 cases, eight with emphysema and eight without. The data concerning the age and sex of the subject, the side studied, the degree of collateral flow, and measurements of the The flow through collateral channels is plotted on the ordinate of both graphs. The pressure shown on the abscissa on the left was that observed across the collateral channels, while the pressure on the abscissa of the right graph was the difference between the segmental alveolar and the atmosphere. The data were collected during a quasi-static inflation and deflation of one normal (case 17) and one emphysematous (case 21) lung.
emphysema present are shown in Table I . Flow from the base to the apical segment was studied in eight cases, and the data are presented in a similar fashion in Table  II .
We confirmed the observation of Van Allen, Lindskog, and Richter (3) , that when air enters a normal lobe or segment through collateral channels, it escapes from the parenchyma without the volume of the lobe undergoing any appreciable change. On the other hand, the behavior of severely emphysematous lungs was strikingly different. Emphysematous lobes receiving collateral flow rapidly inflated, in spite of the fact their airways were open to atmosphere. In two instances (cases 14 and 15), even though the lobe became fully inflated, there was no detectable air flow out of the lobe because the airways were completely obstructed. Fig. 3 (A) and 3(B) demonstrate data from one normal lung (case 1) and one lung with very mild emphysema (case 10), respectively, during a quasi-static inflation and deflation of the lower lobe. The left and center panels of (A) and (B) represent data collected from the face of the storage oscilloscope when lobar volume was simultaneously plotted against lobar distending pressure (left panels) and collateral flow measured at the treachea (center panels). Right panels were constructed by plotting the distending pressure in left panels against the collateral flow in center panels at equal volume points. The flow-volume curves (center panels)-demonstrate that flow leaving the lobes is similar at a given lobar volume on both inflation and deflation, while the pressure-volume and pressure-flow curves demonstrate that the pressure driving flow out of the lobe is much less on deflation, and therefore, the resistance is also much less.
The resistance of the collateral channels is compared to the airway resistance of the upper lobe airways in one normal and one emphysematous lung in Fig. 4 . In the normal case (case 17) the bulk of the resistance was found in the collateral channels while the resistance of the segmental airways was barely measurable by this technique. In the emphysematous case (case 21), on the other hand, the reverse was true, so that the resistance of the segmental airways was actually greater than that of the collateral channels.
The resistance to flow from the lower lobe bronchus through the collateral channels to the upper lobe and out the trachea is shown in Table III . As the flow rates were extremely small in the normal lungs (6-76 cc/sec, Table  I ), the pressure drop along airways must have been small. We therefore assumed that in the normal lungs the total resistance was due almost entirely to the resistance of the collateral channels. We tested this assumption in two normal lungs (cases 7 and 8) by measuring the alveolar pressure with subpleural catheters and found in each case that it was very difficult to measure any pressure difference between the alveoli and the airway opening. Although the airway resistance must have a positive finite value it was difficult to measure in normal lungs under the conditions of this experiment, and we have therefore tabulated it as 0 +.
In emphysematous cases the resistance of the entire circuit was generally lower and there were much higher flows (50-500 cc/sec). In view of the fact that an increase in airways resistance is characteristic of this disease, the collateral flow resistance must have been substantially reduced. The subpleural catheter experiments (cases 11 and 12) confirm this and illustrate that the resistance of the collateral channels has decreased by an order of magnitude. They also show that there is a substantial rise in airway resistance. Cases 14 and 15 also illustrate examples of severe emphysema where air passed easily through collateral channels to the upper lobe where it was trapped by completely obstructed upper lobe airways.
The data concerning the resistance to flow from the basal segments to the superior segments of lower lobes is shown in (6) have shown that the fissures are rarely complete in human lungs, and that major defects in the fissure were found in 30% of the lungs they dissected. In their original study, Van Allen, Lindskog, and Richter (3) found that air drift occurred easily within lobes but only crossed the fissure when the lobe was overdistended. However, our data demonstrate that air may flow through collateral channels between lobes throughout their whole volume range (Fig. 3) . Furthermore, we show that air flows through collateral channels much more easily in an emphysematous than a normal lung. Although a systematic difference in the completeness of the interlobar fissure between normal and emphysematous lungs might conceivably explain the result obtained for collateral flow between lobes, it cannot explain the same observation when collateral flow was measured between segments within a lobe.
A comparison of the collateral channels at the same lung volume reached from deflation on one hand and from full inflation on the other indicates that the channels are wider and less resistant during deflation (Fig.  3) . This means that the collateral channels -undergo a greater hysteresis than the lung itself which is not surprising when we consider the forces acting on them. During both inflation and deflation the tissue forces will tend to widen the channels while the surface forces will tend to narrow them. Although the tissue forces are similar on both inflation and deflation at the same lung volume, the surface forces are markedly less on deflation and the channels are consequently larger. In discussing the etiology of emphysema McLean (7) has stressed the importance of collateral channels in the ventilation of obstructed units. His hypothesis that these channels narrow during deflation and trap gas is difficult to accept in the light of our findings.
The fact that the resistance of the collateral channels was found to be less than the resistance of the outflow airways in our emphysematous cases was surprising. In Laennec's description of emphysema he refers to the sensation of handling an emphysematous lung as that perceived when handling a pillow of down (8) . We suspect that this sensation is due to the ease with which air can be pushed from one area of an emphysematous lung to another and the difficulty one encounters when trying to push air out of the bronchi. These latter observations are easy to make at autopsy and provide further evidence that the resistance of collateral channels is less than that of the airways themselves.
From the data on Tables I and II it is apparent the collateral flow does not correlate with the age of the normal cases. Furthermore, in the emphysematous cases the collateral flow does not correlate either with the total amount of emphysema in the lung or the amount of emphysema present in the fissure. However, the presence of even minor grades of emphysema was associated with a marked fall in collateral flow resistance (Tables III and IV) . As the earliest demonstrable lesion in emphysema is a destruction of the alveolar walls to form alveolar fenestrae (9), it seems probable that pathways through destroyed lung tissue offer less resistance to collateral flow between lung units than alveolar pores, Lamberts canals, or the connections between respiratory bronchioles demonstrated in dog lungs by Martin (10) . Whether the interalveolar fenestrae are enlarged pores of Kohn or new holes that have arisen in the alveolar walls remains uncertain, but in advanced emphysema with marked tissue destruction this question is academic. However, it is reasonable to assume that the formation of fenestrae causes the resistance to collateral flow to fall in emphysema. In fact, considering the morphology of this disease, our results are exactly what one might predict.
The collateral channels whose resistance we measured are enclosed in a surface shared by both the inflow and outflow alveoli. In the normal lungs the size of the channels is determined by the inflow alveoli because the outflow alveoli do not inflate. In the emphysematous lung, on the other hand, the outflow alveoli do inflate and this may have enlarged the collateral channels and decreased their resistance. We did not test this possibility by artificially distending the outflow alveoli in the normal lungs, but Macklem and Woolcock have studied this effect on dog and pig lungs and found that the resistance of the collateral channels is determined by the alveoli with the largest volume. Since this was always the inflow alveoli in our experiments we have assumed that they determine the size of the collateral channels. Therefore, it seems unlikely that inflation of the outflow alveoli by itself can explain the difference in collateral flow resistance which we observed.
The electrical analogue of a two-compartment model suggested by Otis et al (11) is presented in Fig. 5 (a) . The distribution of charge and the phase differences between the capacitors Cl and C2 depend upon the time constants of each resistor-capacitor circuit in parallel. The common resistor, R3, has no influence. The pertinent time constant of each circuit is Ri Ci and R2 C2, respectively. If these are equal no phase differences will exist at any frequency. If they are unequal, phase differences will be present and these will increase with increases in cycling frequency. Our studies indicate that an additional resistor, R4, short circuiting R1 and R2 should be added as in Fig. 5 (b) if the collateral channels are to be taken into account. Our data further suggest that in severe emphysema airway resistance is greater than collateral flow resistance because obliteration and plugging of small airways is common in emphysema (1). The appropriate electrical analogue of this situation is shown in Fig. 5 (c) . In this instance, both R3 and R2 are common to both capacitors and will not influence any phase shifts that exist between C, and C2. The time constant determining the phase and charge on C1 will be R4 C,. The problem is to assign a value to the time constant for the unit represented by C2. Because it has no resistor it does not share with C1 the appropriate resistance and therefore the time constant will be zero to a close approximation. Thus the time constants of the two circuits will be unequal by definition.
Although in this situation phase shifts will be present at any finite frequency, the magnitude of the phase difference will depend on the absolute value of R4 C1. If R4 C1 is small the phase differences will be smaller than if R4 Cl is large.
In the lungs, phase differences are present between different units if compliance falls with increasing frequency (11) . Fig. 6 is the graphical solution to equation 13 in reference 11 2 and indicates the relationship between compliance and frequency in the twocompartment model shown in Fig. 5 (c) (FIG. 5 (d) ) demonstrates that the analysis presented above could fit the morphology which exists in this type of emphysema. In this case the plugged bronchiole would represent the resistor R1, while the centrilobular space could be the capacitor C2. R2 would be the bronchiole leading to the centrilobular space, and R4 would be the collateral channels leading from the centrilobular emphyematous space to the parenchyma normally supplied by the obstructed bronchiole Ri. The centrilobular space would then be an antechamber which would fill and empty from the atmosphere and the surrounding parenchyma.
Although collateral ventilation may or may not result in frequency-dependent behavior, it will certainly lead to abnormal distribution of ventilation, and presumably impaired gas exchange. Air entering obstructed units via collateral channels will have already exchanged 02 and C02. Provided blood flow is relatively undisturbed such units will have low alveolar ventilation-perfusion ratios (VA/0). The unobstructed units on the other hand will have high VA/Q as additional air must pass through them to reach the obstructed units. Furthermore, marked stratification of gas concentration between units should be present, for it is most unlikely that pathway lengths and the geometry of the collateral channels would permit complete diffusion mixing in the time available. This additional abnormality of ventilation distribution is probably significant in emphysema.
If the unobstructed units are emphysematous spaces as is suggested by Fig. 5 (d) , and the emphysematous process reduces perfusion, the disordered gas exchange will be even more severe. The VA/0 of the unobstructed units will be greater because the perfusion is decreased, and the blood which normally perfused such a space will be shunted to the obstructed areas, causing a further decrease in VA/Q in these zones. Thus collateral ventilation will lead to a wide range of VA/Q ratios within the lung, a situation which is characteristic of emphysema (12) . On the other hand, if emphysematous spaces exist beyond obstructed airways (as might exist in panlobular emphysema), and the parenchyma beyond unobstructed airways remained intact, there might be relative presevation of VA/Q ratios. In this instance gas exchange might not be grossly abnormal, in spite of marked departitioning of alveolar spaces. This situation is also known to occur in some patients with emphysema (13) . Whether or not these speculations are valid awaits a detailed study of the relationship between destroyed alveolar spaces, their perfusion, and the nature of the airways leading to them.
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